ABSTRACT This paper investigates the effect of silver nanofluid on a flat-plate pulsating heat pipe (FP-PHP). The simulation was performed using FLUENT 15.0 software, for which a three-dimensional model having a microchannel structure in the condensation section was developed. The developed model adopted the volume of fluid (VOF) method to track the internal vapor-liquid interface of the FP-PHP and to observe the state of the two-phase flow. The result revealed the evident presence of various types of bubble flows, including dispersed bubble flows, slug flows, annular flows, and column flows in the evaporation section. Trends in thermal resistance variation during simulation were studied by changing the volume fraction, liquid filling rate, and heating power. The thermal resistance of the FP-PHP containing silver nanofluid was lower and the FP-PHP exhibited stable state when the heating power reached 120 W. The optimal volume fraction of silver nanofluid was 1%, and the FP-PHP containing sliver nanofluid exhibited increased heat transfer efficiency.
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I. INTRODUCTION
In recent years, heat pipes have been extensively used for various engineering applications, particularly for electronic cooling and energy protection. The oscillating heat pipe (OHP) is a new type of heat pipe, they can play a significant role in achieving heat exchange [1] . One of the earliest reports on OHPs was published in the 1990 s by Akachi [2] . A typical feature of the pulsating heat pipes is the coreless structure, which makes pulsating heat pipes widely accepted by the society. The pulsating heat pipe has received an increasing amount of attention due to their simple structure and ease of operation in the field of heat exchange and occupy an important position between the two phases flow fields. Pulsating heat pipes include two types: tubular pulsating heat pipes (T-PHPs) and flat-plate pulsating heat pipes (FP-PHPs) [3] . T-PHP can be easily manufactured and operated in low-temperature environments. Xu and Zhang [4] investigated the thermal properties of three turns of a heat pipe, and the copper length of the T-PHP was 18.0 cm. FC-72 was selected as the working fluid. Their study focused on the oscillation frequency, and revealed that optimum heating frequency could be achieved at a heating power of 10-25 W. Mameli et al. [5] investigated a compact closed-loop pulsating heat pipe (CLPHP), focusing on the loop formed by two copper turns, the test was conducted at a heating power of 50-100 W. Results revealed that a T-PHP made of copper and acrylic tubes exhibited better hydrothermal performance. To further understand the characteristics of T-PHP, various studies on T-PHPs have been conducted. The results indicated that the characteristics of PHPs depend on structural parameters, physical properties of the working fluid and operating conditions [6] , [7] . However, the limitations of heat transfer in T-PHPs have long been recognized, and research has turned to more promising plate pulsating heat pipes. In other words, compared with tubular OHPs, flat pulsating heat pipes are more suitable for e-commerce applications due to their geometric characteristics. Hu and Jia [8] evaluated FT-PHP and designed the pipe structure using an aluminum plate to develop a better heating section than conventional heat pipes. Experiments conducted on FT-PHPs revealed that bottom heating is much easier than top heating. Thompson and Ma [9] signaled two flat-plate pulsating heat pipes (FP-OHP), one with Teslatype check valves (TV FP-OHP) and the other without the valves. The objective of this research was to ascertain basic relations between FP-PHPs and TV FP-PHPs. Eventually, they found that TV FP-PHPs required less heat to reach the evaporation temperature, and the PHP had unique properties in terms of oscillation temperature. Recently, PHP visualization model has been extensively studied [10] , to better understand heat transfer mechanisms and the thermal properties of fluids. Wang et al. [11] investigated the pulsating heat pipe with a corrugated configuration using a visualization method, and they found that the evaporation section had the best performance during start-up. The scope of research included a variety of internal flow patterns, such as bubbly flow, slug flow, annular flow and plug flow [12] - [14] . Qu and Wu [15] researched flow visualization of a silicon-based micro-pulsating heat pipe. By observing its starting characteristics at the bend and the type of bubble nucleation, the CLPHP exhibited better heat transfer performance. Pouryoussefi and Zhang [16] conducted flow visualization of a CLPHP and observed the periodic smooth and rapid motion using the two-phase flow volume of fluid (VOF) method.
In addition, the visualization method is important for evaluating the geometry of the PHPs and the heat transfer performance of the working fluid. Using a nanofluid, Kang et al. [17] provided details regarding flow visualizations, including bubble growth, merging, and rupture. Qu and Wu [18] conducted thermal performance testing of two identical OHPs using two working nanofluids, such as SiO 2 /water and Al 2 O 3 /water nanofluids. When a nanofluid is used as the working fluid, the heat resistance of the heat pipe is decreased compared with when a single-phase working fluid is used. Lin et al. [19] found that the heat transfer effect of silver nanofluid was better than DI water in their experimental research.
Nanofluids are colloidal mixtures of base fluids and nanoparticles and used as potential working fluid in technology [20] . With the miniaturization of heat transfer performance devices, the particle size in the nanofluid is controlled at a size on the order of 100 nm, and the properties of nanofluids includes five parameters: thermo fluids, heat transfer, particles, colloid and lubrication [21] . Nanofluids were first used by Choi to describe liquid suspensions containing nanometer-size particles as a new category of liquids to nanotechnology [22] . Eastman et al. [23] studied the thermal conductivity of the nanofluids, which are composed by copper nanoparticles dispersed in glycol-based fluids, increasing the effective thermal conductivity of ethylene glycol by 40%. Vladkov and Barrat [24] pointed out the thermal properties of nanofluids via simulation. They concluded that the important parameters of nanofluids were related to the ratio of the nanoparticle length to its radius, which also had an effect on the effective thermal conductivity. A series of experimental and theoretical studies have reported that aluminum nanofluids have efficient heat transfer characteristics. However, in recent years, silver nanofluids are considered favorable materials for electronic cooling systems.
Therefore, to predict the applications of FP-PHP, the application of simulation to nanofluids is an effective research method [25] , [26] . Liu and Chen [27] had a mature view of plate pulsating heat pipe in simulation. The primary purpose is to explore the transfer characteristics of the three-dimensional unsteady thermal model and to numerically analyze the fluid flow pattern in the plate pulsating heat pipe. Xu et al. [28] studied the vapor-liquid two-phase flow in a plate pulsating heat pipe with ethanol as the working fluid. Compared to the traditional structure of FP-PHPs, the FP-PHPs with micro-grooves in the evaporator section exhibited better heat transfer properties.
The effect of nanofluids have been studied in some T-PHPs, however, flat plate pulsating heat pipes have been rarely reported in this regard. Nanofluids are highly unstable and several uncertainties and operational difficulties are encountered during their experimental verification, therefore, numerical simulation was performed herein.
The primary objective of this study was to construct a numerical model based on the Navier-Stokes equations, which could be used to better understand the two-phase circulation state and heat transfer characteristics of the FP-PHPs. A microchannel section was added at the condensation section of the FP-PHPs to further elucidate the heat transfer strength. With respect to the physical characteristics of silver nanofluids, observing the difference in flow characteristics and heat transfer characteristics of a working fluid, provides a deeper understanding of nanofluid visualization, and the reliability of the simulation was verified by comparison with the experimental results of Lin et al. The impact of parameters such as the heating power, the filling rate, and the volume fraction of silver nanofluids of the PT-PHP were investigated, which should help in optimizing the structural design of the heat pipe.
The remainder of this paper is organized as follows. This paper first summarizes the changes of the pulsating heat pipe based on its geometry, the heat transfer medium in the tube, and the experimental method, and then we put forward the advantages of the FP-PHP. Section 2 introduces the physical and mathematical models of the plate pulsating heat pipe used for simulation, including the mathematical structure, the physical model, the process number of meshes, and the method of determining the appropriate. Equations and calculations for the simulation process are also described. Section 3 discusses the simulation results and compared these results with previously published results, the concept of thermal performance is also introduced. Finally, section 4 concludes the study.
II. PHYSICAL AND MATHEMATICAL MODEL A. PHYSICAL MODEL
A physical model of a three-dimensional structure was constructed in this study, and the FP-PHP was composed of three parts, including the evaporation section, the heat preservation section, and the condensation section. Fig. 1 shows the structure of a FT-PHP. The plate pulsating heat pipe described in this paper was configured with a microchannel made of aluminum plate. Silver nanofluid was used as the working fluid, the evaporator section was heated by an electronic heater, the bottom surface of the condenser section was cooled with water held at a constant temperature of 20 • C, and the middle part was insulated.
The effective working area of the pulsating heat pipe with an aluminum plate was 94 mm × 125.5 mm, the channel was etched to a depth of 6 mm in the aluminum plate. There are four sections of microchannel structure in the condensing section of the pulsating heat pipe, with six grooves in each channel structure, and the size of the groove was 0.5 mm × 2 mm, whereas the elbow and microchannel were well connected for thermal convection exchange. A brief description of process in presented in Table 1 . Geometric dimensions and the microstructure are shown in Fig. 1 .
Based on certain assumptions, numerical simulation was performed using FLUENT 15.0 software, and divided the whole mesh using the ICEM CFD software. As shown in Fig. 2 , the grid structure and partial screenshots are clearly exported. Fig. 2A shows the overall grid structure, and Fig. 2B and C present the microstructure at the condensation section. Herein, the physical model was developed by solving a series of equations in FLUENT, including momentum conservation equations, energy conservation equations and a mass transfer calculation for vapor-liquid phases transition. The fluid motion parameters can be used as a continuum of time points and spatial points to satisfy the continuum hypothesis to ensure the reliability of the calculation results.
ICEM CFD generated different types of meshes, such as tetrahedral, hexahedral, and prismatic meshes. Each grid had its own characteristics and options, whereas, when using the ICEM CFD to create a topology, meshing at the elbow was difficult. In this study, we selected the hexahedral mesh as the main type of mesh to divide its structure, which can generate up to 563,452 numbers. In the boundary region of the microchannel, the extension method for boundary processing was employed to reduce the distortion and improve the quality of the mesh. The number of nodes reached 1,047,920, and the deletion of the composite node was performed.
Before determining the grid, grid independence was tested. First, five meshes were divided during simulation process in the simulation process, which were 198,560, 287,460, 356,750, 467,748, and 563,452. Second, we maintained the same boundary conditions, with the number of grids represented as independent variables, and two points of point e and d are marked on the evaporation end of the plate pulsating heat pipe to identify the point at which the temperature reached 340 K, as shown in Fig. 3 . In addition, from Fig. 4 , after the grid data reach 450,000, the time change will be stable. At the same time, point e was used as a monitoring point for wall temperature, as shown in Fig. 5 . So, the number of grids finally used was 563,432 to ensure the stability of the calculation.
III. MATHEMATICAL MODEL A. GOVERNING EQUATIONS
Effective thermophysical parameters must be determined to numerically analyze the nanofluid flow and heat transfer. The thermophysical properties of silver nanofluids are generally defined in terms of fluid characteristics. Due to the small concentration, the saturation temperature of the nanofluid can be defined as 100 • C and by using water as the base fluid for silver nanofluid. The subject primarily involves the study of viscosity, density, and effective thermal conductivity [29] .
Viscosity is the tendency of a liquid to resist flow, and the viscosity inside the heat pipe is constantly changing due to changes in vapor pressure. Another factor affecting viscosity is temperature, which can significantly change the viscosity, resulting in a loss of mechanical energy. When the viscosity is constant at different shear rates, the liquid is defined as a Newtonian fluid. Conversely, defined as a non-Newtonian fluid. According to the suggestion of Brinkman, the viscosity VOLUME 7, 2019 can be expressed as
where µ nf is the dynamic viscosity of the nanofluid; µ bf is the dynamic viscosity of the base fluid; and α is the volume fraction. Density is the ratio of solid to liquid volume in a new system. It has been reported to be consistent under constant pressure and likely given as
where ρ nf is the density of the nanofluid; ρ bf is the density of base fluid; and ρ np is the density of nanoparticle. The dimensionless indicator (effective thermal conductivity), can be calculated according to
where k nf is the effective thermal effective conductivity of the nanofluid; k np is the effective thermal conductivity of the nanoparticle; and k bf is the effective thermal conductivity of the base fluid. Due to the extreme instability of nanofluids, certain uncontrollable factors occupy a small position in the vapor-liquid transition process and can be neglected. Therefore, the following conditions were assumed herein to better understand the two-phase state [30] :
(1) The sheer stress at the liquid-vapor interface is negligible.
(2) The vapor plug is considered to be the ideal gas.
The liquid slug is assumed to be incompressible. (4) Evaporation heat transfer coefficients and condensation heat transfer coefficients are assumed to be constant.
(5) Nanofluids are considered to be single-phase fluids. The vapor-liquid flow and heat-mass exchange of the FP-PHPs are extremely complicated, and the working fluid is unstable and it is difficult to reach equilibrium. Inside the FP-PHPs, we can observe the transition of the vapor-liquid flow pattern. It can be seen that the continuous surface tension plays an important role in the vapor-liquid operation of the flat heat pipe. A suitable theory is required to support the simulation of the liquid-vapor phase change transition. This paper adopts a well-conserved VOF model, it can track the interface between mutually incompatible fluids. And the governing equations for the VOF formulations of vapor-liquid flows are as follows [28] :
In the concept of VOF method, the sum of vapor and liquid volume fractions is 1 [31] , the volume ratio function of vapor and liquid is α v and α l , respectively, which is given as
The tracking of the interfaces between phases is affected by mass source terms, therefore, the equations of the continuity can be represented as follows:
where S m,l is the liquid mass source terms; the S m,v is the vapor mass source terms; v is the velocity; and ρ is the density. This paper outlines the initial process of the entire vapor-liquid phase transition process and observes the thermal state of each unit, which can be shown as follows:
where the mass source terms indicated that the temperature of the heat mass transfer occurring at the vapor-liquid interface is equal to the liquid saturation temperature. The momentum equation for the entire two-phase region can be expressed as
where F vol is obtained by
The energy equation of the vapor-liquid phase is
where the parameter S h in the above equation is determined using
E is the energy, and h LH is the latent heat.
B. NUMERICAL METHOD
In our study, the VOF model in FLUENT was used to simulate the operation of FP-PHP operation, because this model is appropriate for stratified flow or free-surface flow [26] . The model primarily study the volume fraction of vapor and liquid in each unit, and it also simulates two-phase fluids by solving single momentum equations and the volume fraction between the processing units. At the same time, the shape of the free interface captured at different times can be tracked to further understand the bubbles formed, merged and broken in the FP-PHP. Additionally, the saturated temperature of silver-nanofluid is 373 K. In the FP-PHP, the adiabatic section is defined as an insulation boundary condition at runtime. The portion of the condenser wall temperature is defined as 20 • C, and the wall surface can achieve stable convective heat transfer at a set temperature. The heating power used in the simulation does not exceed 120 W. The wall and fluid are used as non-slip boundary conditions, and a SIMPLE pressure-velocity coupling is used in the model solution. The momentum equation is discretized using a second-order upwind difference scheme, and the other equations are discretized using a first-order upwind difference scheme. To further estimate of the vapor-liquid phase change, the UDF source term was added to this model. In the convergence residual setting, each item should be set carefully. To ensure the accuracy of the results, the convergence residual of the continuity equation was set to 5 × 10 −4 , the convergence residual of the energy equation was set to 1×10 −6 , and the convergence residuals of other directions were set to 5×10 −4 . UDF programming is widely used to achieve more reasonable calculations. When the model that comes with FLUENT cannot satisfy the calculation of the actual model, conditional programming will be adopted. For loading UDF, a compiled function is used. The plate pulsating heat pipe is accompanied by two typical vapor-liquid phase changes during evaporation and condensation. The Lee model is then used to simulate the mass and latent heat transfer in the vapor-liquid phase transition, and the occurrence of vapor-liquid phase change was determined by the saturation temperature. When the tube is operated, it contains the mass transfer from the liquid phase to the vapor phase and the mass transfer from the vapor phase to the liquid phase. which is defined by the source term in the volume ratio function, and the vapor-liquid phase transition occurs in the saturation temperature interface. Further, the definition of the energy source term depends on the latent heat of vaporization of the liquid.
In the process of judging the convergence of the model, we not only judged the residuals but also monitored the temperature of the wall at a particular point in the evaporation section. At this point, when the wall temperature exhibited a small change, the results of our study indicated that the operation of the entire model tends to be stable. As shown in Fig. 5 , the residual was determined by measuring the temperature at point e in the model. Results indicated that as the residual decreased, the temperature at which the model was stable did not significantly change. Therefore, we define the state at this time as the final residual.
IV. RESULTS AND DISCUSSION

A. HEAT TRANSFER AND BUBBLE BEHAVIOR
In this study, due to the small diameter of the pulsating heat pipe, the working fluid in the pipe has characteristics of the vapor plug and the liquid slug interval distribution under the surface tension. The physical properties of the working fluid generate pressure fluctuations and the flow frictional resistance in the heat pipe, at the same time, and the surface tension plays an important role in the oscillating flow pattern. When the evaporation section of the FP-PHP is heated, the working fluid absorbs heat and the liquid film evaporates, thereby accelerating the bubble grows rete. Then, the working medium moves to the condensation section. In the condensing section, the heat transferred by the working medium is released because of the pressure difference, the pressure of the tube head is lowered, and the working medium is replenished in the adjacent pipe. The process is cycled, and the working fluid oscillates back and forth inside the pipe to promote heat transfer. Meanwhile, under normal pressure, the microchannels enhance the heat transfer in the vaporliquid interface. The microchannel structure existing in the condensation section has a strengthening effect on the liquid flow, and in the whole process, silver nanofluids enhance heat transfer by the virtue of their own characteristics. Nanofluidic medium is added to the water-based liquid to strengthen the spoiler. Due to its physical characteristics, nanofluidic medium increases the number of gasification cores. The space occupied by the working fluid contains continuous, voidfree, fully filled particles. Moreover, the nanofluidic medium has a high Brownian motion speed, which enhances the energy transfer process and improves the thermal conductivity. In addition, nanofluids also have a minimal size effect, and their motion state is similar to that of liquid molecules. Collisions between particles and walls accelerate the production of vaporization cores and increase the rate of vapor production.
In this study, the volume fractions of silver nanofluids used were 0.25%, 0.75%, and 1%. At different silver nanofluid concentrations, the filling rates were set at 30%, 50%, and 70%. To obtain a better observation, we adopted to heating powers of 25 W, 45 W, 70 W, 90 W, and 120 W. Because of the inherent instability of the nanofluid, the frequency of the vapor-liquid two-phase transformation process becomes higher, and the bubbles are prone to cracking. The heat transfer mechanism of nanofluids is extremely complicated. When the heating power is 25 W, the FP-PHP hardly reaches the quasi-steady state of unidirectional bulk circulation. As the heat load is increased, flow oscillations begin to strengthen and tend to stabilize [32] , and after a start-up process, the working fluid inside the FP-OHP reaches a quasi-steady state of unidirectional bulk circulation [27] . The concentration of the silver nanofluid determines the strength of the heat transfer process, simulation results showed that the silver nanofluid concentration of 1% exhibited the best heat transfer effect. At the same time, due to the use of silver nanofluids, VOLUME 7, 2019 FIGURE 5. Relationship between temperature and convergence residual at point e. Fig. 6 schematizes the typical bubble behavior in the FP-PHP and a cross-sectional view taken in a three-dimensional structure with the x-axis and the y-axis as the main axes.
From Fig. 7 , the evaporation flow in the evaporation section of the FP-PHP is easy to generate, and the change in the evaporation temperature exacerbates the collision between the nanofluid and the pipe wall. During the heat transfer process, a large number of bubble streams and gasification core numbers were formed. In addition, over time, the bubbles behind are chasing the front vapor plugs, and then bubble merger occurs. The intermittent and unstable oscillations are the main characteristics of the silver nanofluid, and small bubbles are continuously generated in the tube. Foam is accumulated in the tube. Due to this, a large bubble diameter equal to the diameter of the tube eventually is formed and thereby forming a slug flow. Another method has been used to create a long plug flow by further bonding of the short plugs. Due to the pressure difference between the vapor and liquid phases, the working liquid in the evaporation section is pushed to the condensation section. Meanwhile, the temperatures of the inner wall and liquid phase are lower than the saturated value, therefore, the bubbles in the condensing section are simple and broken. In the curved portion of the pipe, particularly in the condensation section, an annular flow of fluid is apparent, which can be attributed to changes in internal pressure of the working fluid.
Simulation results of vapor-liquid distribution indicate that different nanofluid concentration have different start-up times at the same heating power. The volume fractions of the nanofluid were 0.25%, 0.75%, and 1%, respectively. Through the simulation, a 1% volume fraction of silver nanofluid with a faster start-up time was observed. As show in Fig. 8 , when the time is 0.8 s, the bubbles begin to generate in the FP-PHP. When the nanofluid concentration was less than 1%, the start-up time of the FP-PHP decreased as the concentration increases. Pouryoussefi and Zhang [16] conducted a numerical study on a 2D CLPHP. They found that the pulsating heat pipe did not start after 0.8 s when the temperature of the evaporation section was 145 • C. In addition, the pulsating heat pipe was started at a time of 2.2 s, when the temperature was 150 • C at the evaporation section and liquid filling rate was 60%. Wang et al. [11] conducted numerical and experimental studies on pulsating heat pipes with corrugated structures. They found that when the heating power was 40 W and water was used as the working fluid, and the heat pipe startup time was about 50 s in both numerical and simulation studies. In our study, we found that the starting time of the working fluid was 0.80 s in the plate pulsating heat pipe, and achieving the pulsation cycle can be increased to 0.89 s with a heating power of 90 W. Compared with the previous pulsating heat pipe model, the model has a significant increase in start-up time with silver nanofluids as a working fluid.
According to Figs. 9-11, show that when the heating power was increased, the thermal resistance of the silver nanofluid exhibited a significant decreasing trend, which indicates that silver water nanofluids can affect the overall thermal resistance. Results show the following obvious characteristics: under the same heating power, the thermal resistance of different concentrations of silver nanofluids is different, and the thermal resistance is also decreased as the concentration increases. As seen in Figs. 9-11, we can observe that there is a point where the thermal resistance drops the fastest. It shows in the figure that when the working fluid concentration is 0.25% and 0.75%, respectively, the maximum turning point occurred at the heating power reaches 70 W. However, when the working medium concentration reached 1%, the maximum turning point appeared at 45 W. Further, by careful observation, we define it as the turning point when the thermal resistance meeting tends to stabilize. As seen in Figs. 9-11 , show that the inflection point appears to be 70 W at 1% and 90 W at 0.25% and 0.75% at the filling rate of 50%. When the volume fraction was 1%, the thermal resistance was the lowest. When the volume fraction was less than 1%, the optimal liquid filling ratio tended to be 30%. It was not difficult to see that when the liquid filling rate was small, the working quality of the working medium was small, which leads to the weak heat transfer effect and the limited capacity of the working medium. When the liquid filling rate was increased, the internal flow resistance of the microchannel in the heat pipe structure rapidly increased, and the heat transfer performance was poor. Additionally, when the working medium volume fraction was low, the liquid flow velocity was considerably affected. High heating power and the liquid filling rate can be applied to the plate pulsating heat pipe, two factors have an effect on heat exchange due to the interaction between them. In other words, the combined effect of heating and filling rate can hinder the liquid flow VOLUME 7, 2019 of velocity. Therefore, to achieve a good heat transfer effect, it is possible to find the best liquid filling rate to achieve balance [28] .
In Fig. 9 , shows that the thermal resistance inflection point appears faster during operation due to high nanofluid concentration and high fluid viscosity. When the heating power was 20 W, the thermal resistances at the filling ratios of 50% and 70% were 1.42 and 1.80 K/W, respectively. The thermal performance at a 50% liquid filling rate in FP-PHP is considered optimal, and the thermal resistance is the lowest, it shows a steady downward trend. As heating power increases, when the temperature exceeded 70 W, the flow period tended to be stable, and the overall thermal resistance was almost constant. Lin et al. [19] determined the thermal properties of silver nanofluids and pure water in T-PHPs. The comparison between Figs. 9 and 11 in their article shows that heat dissipation performance of 60%, which was better than 40%, from the Figs. 9 and 10 indicated irregular two-phase switching flows at a low liquid filling rate. Another when the heating power was 10 W, the thermal resistance can exceed 3.0 • C/W. In our research, Fig. 9 shows that the thermal resistance of the cycle continuously decreased when the volume fraction of the nanofluid was 1%. The heat exchange is faster because of the physical properties of nanofluids. Moreover, fluid disturbance is enhanced because of the addition of the condensation section microchannel. At higher heating powers, the phenomenon of drying out is less likely. After the heating power reached 70 W, the heat exchange stabilized and the thermal resistance reached 0.4 K/W. In the FP-PHP with microchannels in the condensation section, the heat exchange capacity was stronger than that of the tube type pulsating heat pipe. Figs. 10 and 11 show the case wherein the concentration of silver nanofluid was 0.75% and 0.25% and the thermal resistance was at least 0.41 and 0.48 K/W. When the heating power was 20 W, the overall thermal resistance did not change considerably, but the starting point of thermal resistance was less than 2.0 K/W. Slightly different, there was a more stable thermal resistance value when the liquid filling rate was 30% during the power range of 70-120 W. At the vapor-liquid distribution, bubble motion was more pronounced. The motion of the bubble was affected by the bubble size, the distance between the bubbles, the surface tension of the bubble unit, and the heat transfer characteristics. Due to the volume fraction of the silver nanofluid was small, the pressure in the tube was less uniform. A difference in the rate between the evaporation section and the condensation section can cause a flying up phenomenon. In addition, there will be a difference in the timing of the turning point, and the low liquid load in the tube is more convenient to form a pressure difference and promote the movement of the vapor plug.
B. THERMAL PERFORMANCE
In this paper, the numerical results of FP-PHP were obtained by determining the start-up and low thermal resistance and uniform heating mode [33] . The temperature difference between the evaporation section and the condensation section is a source of heat pipe pulsation, affecting the overall trend of thermal resistance. Therefore, the heat performance of the FP-PHP is evaluated by the integral equivalent thermal resistance (R) and the temperature change at the evaporation section (T e ), which can be expressed as follows:
whereT e andT c are the overall average temperatures of the bottom surfaces of evaporator and condenser, respectively, and Q is the quantity of heat transferred from the evaporation section to the condensation version. The thermal characteristics of the FP-PHP were improved using silver nanofluid. It was found that the thermal resistance decreased as the heating power increased. Moreover, the local heat transfer efficiency of the wall was improved.
V. CONCLUSIONS
In this study, a three-dimensional numerical analysis model was developed for computational analysis because of the instability of the silver nanofluid. The heat transfer characteristics of silver nanofluids at different volume fractions were investigated by changing the heating power and filling rate. Through simulation, various types of bubbles in FP-PHPs when silver nanofluids were used as working fluids were evaluated. Obvious flow patterns included bubble flows, slug flows, annular flows and column flows. In the evaporation section, bubble flow was apt to occur and the bubbles cracked easily. The annular flow was also easily observed IN the bent pipe. Next, the silver nanofluid concentrations of 0.25%, 0.75%, and 1% were used herein. As the volume fraction increased, the time at which the maximum inflection point of the overall thermal resistance of the heat pipe occurs was shortened. In addition, the heat transfer effect of the heat pipe was affected by both the heating power and the liquid filling rate. When the heating power reached 120 W, the FP-PHP cycle can still be stabilized and the thermal resistance was significantly reduced. The microchannel structure was arranged in the condensation section to accelerate fluid disturbance and facilitate the heat exchange. The FP-PHP with silver nanofluids as a working medium and microchannel at the condensation section improved the heat transfer characteristics and high cycle efficiency, indicating that the present numerical method is reliable. 
